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We have isolated Xbr-1, a novel Xenopus homeobox gene that de®nes a new class of homeobox genes, distantly related to
the Drosophila BarH1 and BarH2 genes. Xbr-1 is predominantly expressed in the developing Xenopus eye, starting as
early as the neural plate stage. At early stages of eye development Xbr-1 is expressed in the eye vesicle dorsally, in the
tissue between the prospective neural retina and pigment epithelium. Later, in the optic cup, it is restricted to the
prospective dorsal ciliary margin, an area containing progenitor cells at the edge of retina. Comparing the expression of
Xbr-1 in the eye to that of X-Notch-1 suggests that Xbr-1 marks a unique population of pluripotent stem cells within the
dorsal ciliary margin. The expression of Xbr-1 and BMP-4 in the dorsal ciliary margin is largely coincident, suggesting that
the two molecules interact. We propose that Xbr-1 and BMP-4 may play a role in the development of progenitor cells on
the dorsal half of the eye and that they may be involved in the establishment of polarity of the eye along the dorsoventral
axis. q 1996 Academic Press, Inc.
INTRODUCTION along the back of the eye while the retinal epithelium gives
rise to the photoreceptors, interneurons, ganglion cells, and
glia that make up the mature eye (reviewed in Harris andThe vertebrate eye arises in development from a region
of the anterior neural plate called the eye ®eld. The eye Holt, 1990). Lineage analysis of this process indicates that
retinal epithelial cells in the eye vesicles are pluripotent®eld is ®rst evident morphologically during neurulation,
when an anterior region of the neural plate evaginates out- and the decision to adopt a particular cell fate does not
depend on cell lineage, but rather on local cell±cell interac-ward to form the bilaterally paired eye vesicles. The eye
vesicle contacts the surface ectoderm which, under the co- tions (Holt et al., 1988; Wetts and Fraser, 1988; Turner et
al., 1990; Harris and Hartenstein, 1991).operative induction by a planar signal from the neural plate
and a vertical signal from the eye vesicle, will form the In lower vertebrates, such as ®shes and amphibians,
cornea and lens (Henry and Grainger, 1990; reviewed in growth is maintained in a region at the edge of the eye
Saha et al., 1992). The optic stalk forms when the region of called the ciliary margin after differentiation in the central
the eye vesicles adjacent to the neural tube pinches to- retina has been completed (Holly®eld, 1971; Straznicky and
gether. At the same time, the eye vesicles take the shape Gaze, 1971). Lineage analysis has shown that, like the optic
of a cup, forming an inner layer that gives rise to the retina vesicle cells earlier, ciliary margin cells have the ability to
and an outer layer that gives rise to the pigmented epithe- generate all of the cell types found in the retina (Wetts et
lium. The pigmented epithelium thins and differentiates al., 1989). Some of the clones obtained after labeling cells
in the ciliary margin differ from those obtained after label-
ing eye vesicle cells in that the former contain pigmented
Sequence data from this article have been deposited with the epithelial cells as well as retinal cells. In addition some
EMBL/GenBank Data Libraries under Accession Nos. U43937 and
ciliary margin clones appear to be very large. This ®ndingU43938.
suggests that the ciliary margin contains pluripotent, highly1 To whom correspondence should be addressed. Fax: 619-
proliferative cells that can be viewed as stem cells (Wetts5586207; E-mail: papalopulu@sc2.salk.edu.
et al., 1989). Signaling from the retina seems to in¯uence2 Present address: Wellcome/CRC Institute, Tennis Court Road,
Cambridge CB2 1QR, England. the range of cells produced by the ciliary margin since when
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ing, 1992) from Xenopus were as follows: upstream primers (corre-particular cell types are ablated in the retina the ciliary
sponding to aa PKRIRTAF): 5* CC(CAT) AA(AG) CG(CT) AT(CAT)margin tends to generate more of the missing cell type (Reh
CG(N) AC(N) GC(N) TT 3* or 5* CC(CAT) AA(AG) CG(CT) AT-and Tully, 1986; Reh, 1987).
(CAT) AG(AG) AC(N) GCN TT; downstream primer (correspond-Soon after they are born, retinal ganglion cells send axons
ing to QVKVWFQNR): 5* CA(GA) GT(N) AA(GA) GT(N) TGG TTCto a particular area of the midbrain, the tectum, where they
CAG AA 3 *. PCR ampli®cation were in a 50-ml reaction containing
make topographically ordered connections. It has been hy- 1 ml of crude phage lysate of a lgt10 stage 17 cDNA library (Kintner
pothesized that the ordered connections are guided by and Melton, 1987; titer: 5 1 1010 PFU/ml) as a DNA substrate,
matching ``tags'' on the axons and the postsynaptic cells in approximately 10 mg of each degenerate primer, and VentR DNA
the tectum. These tags may be speci®ed by gradients of polymerase (New England Biolabs) according to the manufacturer's
positional information in the retina and the tectum (re- instructions. Samples were denatured for 3 min at 947C and ampli-
®ed 40 times, each ampli®cation cycle consisting of 1 min at 947C,viewed in Holt and Harris, 1993). Recently, the idea that
3 min at 377C, and 1 min at 727C. Samples were ®nally extendedcells in the retina are imprinted with positional information
for 5 min at 727C. Ampli®ed DNA sequences from two PCR reac-has been supported by the discovery of several molecules
tions with the same downstream but different upstream primersthat are asymmetrically distributed along the dorsoventral
were resolved on a 5% nondenaturing acrylamide gel and fragments(D-V) and anteroposterior (A-P) axes of the retina (reviewed
of the appropriate size were excised, eluted, combined, blunt-endedin Holt and Harris, 1993; Kaprielian and Patterson, 1994).
with T4 DNA polymerase, phosphorylated with T4 polynucleotide
Examples of such molecules include receptor tyrosine ki- kinase, subcloned into the plasmid vector p(KS/) (Stratagene), and
nases (Cheng et al., 1995), enzymes for retinoic acid synthe- sequenced.
sis (McCaffery et al., 1991, 1992), as well as transcription
factors of the paired (Pax2; Nornes et al., 1990) and homeo-
box-containing gene families (SoHo-1; Deitcher et al., 1994). Isolation of Xbr-1 cDNAs
Homeobox-containing genes de®ne a major family of pu-
PCR cDNA fragments were excised from the plasmid vector, 32P-tative transcription factors which are characterized by the
labeled, and used to screen a lgt.10 stage 17 cDNA library underpresence of a highly conserved 60-amino-acid (aa) DNA-
conditions of high stringency (Kintner and Melton, 1987). The ®l-binding motif and are thought to be involved in diverse
ters were hybridized in 50% formamide, 61 SSPE, 11 Denhardt's,developmental processes (reviewed in McGinnis and Krum-
0.1% SDS, and 100 mg/ml salmon sperm DNA at 427C overnight
lauf, 1992; DeRobertis, 1994). In this paper, we report the (O/N) and then were washed in 0.1% SDS, 0.51 SSPE at 687C for
isolation and characterization of a Xenopus homeobox-con- approximately 4 hr. Positive clones were plaque puri®ed and the
taining gene, Xbr-1, that de®nes a novel class of homeobox largest phage cDNA clones were subcloned as EcoRI fragments into
genes. We show using whole-mount in situ hybridization the plasmid vector p(KS/) (Stratagene).
that the Xenopus Xbr-1 gene is expressed in the eye, and
expression can be detected when the eye ®eld ®rst forms
during neural plate stages. Strikingly, the expression of Xbr- Sequencing
1 within the eye vesicle appears to be spatially restricted
Subcloned PCR products and cDNA clones were sequenced withto a dorsal region that borders the retina and pigmented
the dideoxy chain termination method (T7 Sequenase kit by Unitedepithelium. This dorsal expression pattern persists through
States Biochemical Corp.) and oligonucleotide primers.
tadpole stages, when the expression of Xbr-1 becomes re-
stricted to a small region of the ciliary margin at the edges
of retina. Based on this site of expression, and its relation In Situ Hybridization
to the expression pattern of X-Notch-1, we suggest that Xbr-
1 expression marks a population of pluripotent progenitor Embryos were ®xed and processed as described in the in situ
hybridization protocol of (Harland, 1991). RNA probe were preparedcells that give rise to cells in both the retina and pigmented
by in vitro transcription of the linearized DNA template for X-epithelium. Xbr-1 may be involved in axonal positional im-
bar 1a, shown in Fig. 1B, in the presence of digoxigenin-11±UTPprinting by affecting the production of a secreted factor
(Boehringer-Mannheim). The hybridization probe for BMP-4 is de-which would act along the D-V axis of the retina. To test
scribed in Fainsod et al. (1994) and for X-Notch-1 in Coffman etthis possibility we compared the expression of Xbr-1 to that
al. (1990). In vitro transcription was also performed as in Harland,
of the secreted growth factor BMP-4 in the eye. We have 1991. Hybridization was detected using a alkaline phosphatase-
found BMP-4 is also dorsally restricted and the Xbr-1 and coupled, anti-digoxigenin antibody (Boehringer-Mannheim) diluted
BMP-4 expression is largely coincident. This ®nding sug- to 1:2000. Alkaline phosphatase staining was developed with NBT/
gests that these two molecules may lie along the same mo- BCIP (Harland, 1991). Stained embryos were ®xed O/N in MEMFA
lecular pathway and may be involved in the establishment (0.1 M Mops, pH 7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% formalde-
of D-V polarity within the retina. hyde), dehydrated in methanol for 1±2 hr, cleared, mounted in 2:1
benzyl benzoate:benzyl alcohol, and photographed. Some speci-
mens were sectioned after staining, and these were ®xed O/N inMATERIALS AND METHODS
MEMFA, then dehydrated in methanol, permealized brie¯y (21 10
Degenerate PCR min in Xylene), followed by 21 20-min changes in 1:1 xylene:paraf-
®n wax at 607C, and embedded in paraf®n wax. Sections (10 mm)The degenerate primers that were used to amplify Drosophila
empty spiracles-related homeobox sequences (Walldorf and Gehr- were cut, dried, dewaxed according to standard histological proce-
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FIG. 1A. Sequence and sequence comparisons. Shown at the top is the aa sequence of the three homeodomain clones, Xbr-1, -2, and
-3 isolated by PCR. The aa sequence of Xbr-1 is also based on sequence from a cDNA clone, while only PCR clones are available for
Xbr-2 and -3 . Therefore, the sequence for Xbr-2 and -3 does not include the sequence that corresponds to the primers used. Shown below
is the aa sequence of homeobox genes with sequence relatedness to Xbr-1, -2, and -3. All sequences are compared to Xbr-1 and identities
are indicated by dashes. Xgbx-2, shown last, represents a homedomain clone that was also isolated in our PCR and it appears to be the
Xenopus homologue of human Gbx-2 and chicken Chox7. The mouse homologue of the Gbx-2 gene shows segment-restricted expression
in the forebrain (Bulfone et al., 1993). Xbr-1 shows 66% identity with Xbr-2 and Xbr-3, 55% with BarH1, 53% with BarH2 and Om(1D),
43% with Cnox3, 53% with Barx1, 55% with bsh, 57% with prox2, and 57% with Gbx-2 and Chox7. The sequences shown are described
in the following references: BarH1 (Kojima et al., 1991); BarH2 (Higashijima et al., 1992a); Om(1D) (Tanda and Corces, 1991); Cnox3
(Schummer et al., 1992); bsh (Jones and McGinnis, 1993); Barx1 (Tissier-Seta et al., 1995); prox2 (Seimiya et al., 1994); Gbx2 (human,
Matsui et al., 1993); Chox7 (Fainsod and Greunbaum, 1989).
dures, mounted in Permount, and photographed with Nomarski Drosophila gene bsh (Jones and McGinnis, 1993). However,
optics. the Xbr homeodomains are less than 60% related to the
homeodomains encoded by these genes, suggesting that
Xbr-1, 2, and 3 de®ne a novel class of homeobox genes
(Kappen et al., 1993). Although likely to be distinct by se-RESULTS
quence homology, the Bar and Xbr class appear to be related
to each other on the basis of one feature. As described fur-Isolation of Four Divergent Homeobox Clones
ther below, the cDNA sequence of Xbr-1 shows that theUsing Degenerate PCR
third helix in the predicted Xbr-1 homeodomain contains a
Degenerate primers, corresponding to the homeodomain highly unusual aa substitution which is also found in the
of Drosophila empty spiracles gene (Walldorf and Gehring, homeodomain of the BarH1 and BarH2 proteins, as well as
1992), were used in the polymerase chain reaction (PCR) to in all other members of the Bar class. This substitution is
amplify related sequences from a Xenopus stage 17 cDNA not found in other genes such as the chicken CHox 7 and
library. As shown in Fig. 1A, three of the ampli®ed PCR the human GBX2 genes which are also related to Xbr-1 but
products that were cloned and sequenced encode homeodo- which do not belong to the Bar class (Fainsod and Greun-
mains that are highly related to each other. Initially, the baum, 1989; Kappen et al., 1993; Matsui et al., 1993; for
comparison of these homeodomains to other homeodomain mouse Gbx-2, also named MMox A, see Murtha et al., 1991;
proteins in the sequence database indicated that they are Bulfone et al., 1993). A clone that represents the Xenopus
novel, but most related to Drosophila BarH1 and BarH2. homologue of these genes, Xgbx-2, was also isolated in our
For this reason, the three clones were termed Xbr-1, Xbr-2, PCR (Fig. 1A).
and Xbr-3, for Xenopus-Bar-related. Within the homeodo- Xbr-1 is also signi®cantly related (57% identity in the
main, for example, Xbr-1, which is characterized below, is homeodomain) to prox2, a homeobox gene isolated from
55% identical to the homeodomain found in the Drosophila sponges (Seimiya et al., 1994). prox2 could be a close relative
melanogaster gene products BarH1 (Kojima et al., 1991), of an ancestral Bar-like gene that later gave rise to several
53% identical to that found in BarH2 (Higashijima et al., classes.
1992a), and 53% to the Drosophila ananassae Om (1D) (Ko-
jima et al., 1991; Tanda and Corces, 1991). More recently,
additional homeodomain proteins have been isolated that Isolation of Xbr-1 cDNA Clones
also belong to the Bar class. As shown in Fig. 1A, these
include the mouse gene Barx1 (Tissier-Seta et al., 1995), cDNA clones encoding Xbr-1 were isolated from a stage
17 Xenopus cDNA library. Figure 2 shows the aa sequencethe hydra gene Cnox3 (Schummer et al., 1992), and the
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ber of other Hox11-related homeodomains (Dear et al.,
1993). Hox 11 shows no other signi®cant homology to Xbr-
1 (46% identity within the homeodomain; not shown) and
the relatedness of other members of this family cannot be
assessed because only the sequence of small PCR fragments
is available (Dear et al., 1993).
Expression of Xbr-1 in Xenopus Embryos
The expression pattern of Xbr-1 at different stages of Xen-
opus development was analyzed by whole-mount, in situ
hybridization. At early tailbud stages (stages 21±25) one of
major sites of Xbr-1 expression was in the developing eye
vesicle (Fig. 2F). Strikingly, expression of Xbr-1 in the eye
vesicle appeared to be restricted to just the dorsal half. Al-
though older embryos were also examined to determine
whether Xbr-1 was expressed in the ventral half of the eye
at later stages, the results indicate that Xbr-1 expression
remained restricted to the dorsal eye at least up to stage
33/34 (Figs. 2F±2M).
The development of the eye in the lower vertebrates such
FIG. 1B. Aa sequence of cDNA clones Xbr-1a and Xbr-1b. The as Xenopus can be divided into an early and a late phase.
homeodomain is underlined and a very rare substitution of an iso- During the early phase, the optic vesicle forms by evagina-
leucine or valine to a threonine in the third helix is shown in tion and subsequently folds into a cup, giving rise to the
bold. This substitution is conserved in the Xbr and Bar classes of
prospective pigmented epithelium located on the outerhomeobox genes.
layer, and the prospective retinal neuroepithelium on the
inner layer of the optic cup. Beginning at stage 24/25,
shortly before optic cup formation, the retinal neuroepithel-
ium starts to differentiate into neurons and glia, a processdeduced from the DNA sequence of the largest clone. This
clone, Xbr-1b, is 1270 nucleotides in length and contains which is completed by stage 37/38 (Holt et al., 1988). In the
second phase that lasts throughout the larval and adult life,an open reading frame of 336 aa, starting at an in-frame
methionine that lies 9 nucleotides from the 5* end. Because the eye continues to grow radially, by the addition of differ-
entiated retina at the edges of the eye, within a region calledthese 9 nucleotides do not include a stop codon it is not
yet clear whether the Xbr-1b cDNA is full-length. Attempts the marginal zone or ciliary margin (Holly®eld, 1971; Straz-
nicky and Gaze, 1971). The ciliary margin originates at theto isolate longer cDNA clones from the stage 17 cDNA
library proved unsuccessful. A shorter cDNA, called Xbr- junction between the retinal and pigmented epithelium and
contains a population of the retinal progenitor cells that are1a, was also isolated that contains an open reading frame
of 310 aa. Sequence comparison (Fig. 1B) shows that Xbr- multipotent (Wetts et al., 1989).
In order to correlate Xbr-1 expression with the events1a and b have identical homeodomains and that they share
88% identity (92% similar) at the aa level and 91% identity that occur during eye development, embryos of different
stages that had been hybridized with an Xbr-1 probe wereat the nucleotide level. Xbr-1a and b could be copies of the
same gene or different genes that are highly related due to sectioned as shown in Fig. 3. At relatively late stages of eye
development (stages 31±34), Xbr-1 was expressed dorsallythe pseudo-tetraploidy of the Xenopus genome. Most of the
expression data for Xbr-1 was obtained with a probe corre- but restricted to small population of cells that borders the
pigment epithelium on one side and the neural retina onsponding to Xbr-1a, although a more limited analysis of
Xbr-1b expression has given identical results. the other (Figs. 3H and 3K). This restricted expression of
Xbr-1 corresponds, roughly speaking, to cells in the pre-The proteins encoded by Xbr-1a and Xbr-1b are not sig-
ni®cantly related to either BarH1 or BarH2 outside the ho- sumptive ciliary margin. To examine this further, we com-
pared the expression of Xbr-1 in the ciliary margin to thatmeobox domain. The entire Xbr-1 aa sequence shows ap-
proximately 25% identity to that of BarH1 or BarH2. How- of X-Notch-1, which has also been reported to be restricted
to the ciliary margin at later stages (Dorsky et al., 1995). X-ever, the relatedness of Xbr-1 to Drosophila Bar proteins is
strengthened by the observation that, within the homeodo- Notch-1 was initially expressed throughout the prospective
retina (Fig. 3F) but became gradually restricted to the periph-main, these proteins have a threonine instead of isoleucine
or valine at position 47 in the third helix (shown in bold in ery of the eye, as cells in the central retina differentiated
(compare X-Notch-1 expression in Figs. 3I and 3L). PreviousFigs. 1A and 1B). Although this is a very unusual substitu-
tion, a threonine residue at this position has also been re- studies have shown that at late stages of eye development
(stages 40±45) X-Notch-1 is expressed in most cells of ciliaryported for the human Hox 11 homeodomain and for a num-
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FIG. 2. Whole mount in situ hybridization showing expression of Xbr-1 during development. In panels D±M Xbr-1 expression in the
eye anlage is marked with an arrowhead. (A, B) Xbr-1 expression of stages 10.5 and 11.5 gastrulae. Shown are dorsal views and the closing
blastopore is at the top. Xbr-1 is not expressed on the dorsal side. (C) Lateral view of the embryo in (B), showing that Xbr-1 expression is
strong on the ventral side of the gastrula. At mid-gastrulation (stage 11.5, B), the Xbr-1 negative area has a keyhole shape, i.e., it is narrow
posteriorly and ``¯ares out'' anteriorly. Based on its location on the dorsal side we suggest that the area that does not express Xbr-1 at
stage 10.5 corresponds to the prospective neural plate. However, the fate map of the early gastrula shows that the prospective neural plate
is much larger and it extends well to the lateral sides of the gastrula (Keller et al., 1992). Therefore, it is likely that the Xbr-1-negative
region covers only part of the neural plate, possibly the ventral neural tube and/or the ¯oor plate posteriorly and the prospective forebrain
anteriorly. (D) Dorsal-anterior view of Xbr-1 expression at late gastrula/early neurula stage (stage 13). The remnant of the blastopore is
to the top and the prospective anterior neural plate to the bottom of the ®gure. The color reaction has been purposely overdeveloped to
reveal the bilateral Xbr1 staining in the anterior neural plate, in the area of the prospective eyes. (E) Anterior view of Xbr-1 expression
at the neural plate stage (stage 16). Xbr-1 is expressed in the dorsal eye anlage in the anterior-lateral neural plate. The dotted line de®nes
the limits of the anterior neural plate. (F, G) Side views of Xbr-1 expression at stage 25 (F) and stage 26 (G). Arrow in F points to Xbr-1
expression in the tailbud, asterisk to expression in the pharynx. (H, I) Frontal (H) and dorsal (I) views of stage 27 embryos, showing strong
expression in the eye. (J) High magni®cation of a stage 25/26 eye. Xbr-1 expression is restricted to the dorsal half. (K, L) Side views of
stage 30 (K) and stage 33/34 (L) embryos. Arrow in L points to the tailbud. At stage 33/34 the hybridization signal in the eye is obscured
by eye pigment. However, in high magni®cation (M) of the eye region the bluish hybridization signal of Xbr-1 expression (arrowhead) can
be distinguished from the brown eye pigment (open arrow). The position of the lens is marked (l). Expression of Xbr-1 is still found only
in the dorsal half of the eye but it is more restricted than earlier (compare with M). Abbreviations: cg, cement gland; l, lens.
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margin, but is absent from a zone of dividing cells located Kojima et al., 1993) and the Bar mutation stops the morpho-
genetic furrow and directly or indirectly abolishes dpp ex-at the very edge of the eye (Dorsky et al., 1995). Our studies
were performed at earlier stages (stages 31±34), but we have pression (Heberlein et al., 1993; Kojima et al., 1993). In
Xenopus, BMP-4 is expressed in the general area of the dor-found that X-Notch-1 is also absent from a zone of cells at
the edge of the prospective ciliary margin eye at these early sal eye but the exact localization had not been examined
(Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen,stages. (Figs. 3I and 3L). Strikingly, Xbr-1 was not expressed
where X-Notch-1 is expressed, but rather in the zone of cells 1995; Schmidt et al., 1995). In sections of stage 25 embryos
we found that BMP-4 RNA, like Xbr-1, was con®ned to thein the ciliary margin where X-Notch-1 was absent (Figs. 3H
and 3K). Thus, these results show that the expression of area between the prospective pigment and retinal epithe-
lium (not shown). At later stages (stages 31/32 and 33/34),Xbr-1 marks a novel area of the dorsal ciliary margin. One
interpretation of this staining pattern is that Xbr-1 is ex- BMP-4 was expressed in the dorsal ciliary margin (Figs. 3G
and 3J) in an area that appears largely coincident with thepressed by the highly proliferative precursor cells (stem
cells) located in the periphery of the ciliary margin (See area that expressed Xbr-1 (Figs. 3H and 3K) and that did not
express X-Notch-1 (Figs. 3I and 3L). Thus, these resultsDiscussion and Wetts et al., 1989).
At earlier stages of eye development when the retina has show that the Xbr-1 and BMP-4 genes show similar patterns
of restricted expression during eye development.not yet invaginated to form an optic cup, the expression of
Xbr-1 was again restricted to the area where the retinal and Finally, Xbr-1 was expressed in additional places in the
embryo that are not related to the visual system. In thepigmented epithelium meet (Figs. 3A±3C). Comparison of
X-Notch-1 and Xbr-1 expression at stage 25/26 gave similar early gastrula, Xbr-1 is expressed throughout the animal
pole and marginal zone of the embryo with the exceptionresults as at later stage. All cells in the prospective neural
retina expressed high levels of X-Notch-1, with the excep- of the dorsalmost sector of the marginal zone where the
organizer is located (Fig. 2A). This expression pattern istion of the dorsal most part of the eye (Fig. 3F). Side-by-side
comparison of sibling embryos hybridized with X-Notch-1 similar to the expression pattern of BMP-4 as both are ex-
pressed in the animal cap and the marginal zone but not in(Fig. 3E) and Xbr-1 (Fig. 3F), respectively, revealed that the
X-Notch-1-free area expressed Xbr-1. Thus, Xbr-1 expres- the organizer and neural plate (Fainsod et al., 1994; Hem-
mati-Brivanlou and Thomsen, 1995; Schmidt et al., 1995).sion at early stages also marks a novel population of devel-
oping retinal cells. One possibility is that the group of cells At early tailbud stages, Xbr-1 was expressed in the posterior
lateral plate mesoderm, the dorsal neural tube (Fig. 3D), andthat express Xbr-1 at an early stage give rise to the stem
cell population that forms the dorsal most ciliary margin the posterior wall of the tailbud (Fig. 2F). A few positive
cells were also detected in the endoderm of the pharyngealat later stages.
We also compared the expression of Xbr-1 to that of BMP- region (asterisk in Figs. 2F and 2G and data not shown). As
development proceeds, expression in the neural tube and4, a member of the TGF-b family of polypeptide growth
factors which plays diverse roles during vertebrate develop- mesoderm was downregulated in an anterior to posterior
direction and strong expression became restricted to thement (reviewed in Harland, 1994; Kingsley, 1994). This
comparison was motivated by the observation that in the tailbud (Fig. 2L). Expression in the tailbud was complemen-
tary to a number of genes that are expressed earlier in theDrosophila eye both the BMP-4 homologue dpp and the Bar
genes are expressed in the morphogenetic furrow (Masucci dorsal marginal zone (e.g., X-not, Gont et al., 1993; von
Dassow et al., 1993; chordin, Sasai et al., 1994). Since earlieret al., 1990; Blackman et al., 1991; Higashijima et al., 1992;
FIG. 3. Sections showing expression of Xbr-1, BMP-4, and X-Notch-1 during eye development, after whole-mount in situ hybridization.
(A, B, C, D, E, H, K) Expression of Xbr-1 (I, L), expression of X-Notch-1 (G, J), and expression of BMP-4. (A, B, C) Transverse sections at
the levels of the eyes at stage 25 (A), stage 26 (B), and stage 27±28 (C). Expression is found in the area between the prospective neural
retina and the pigment epithelium (A) and ends up in the margin of the eye (C). Note that the pigment epithelium thins out during
development (from A to C) and eventually envelops the back of the neural retina (arrows in J, K, L). (D) Posterior transverse section of a
stage 25 embryo showing expression of Xbr-1 in the dorsal neural tube (dt) and the lateral mesoderm (lm). (E, F) Comparison of Xbr-1 and
X-Notch-1 expression in the eyes at stage 25/26. The area between arrowheads expresses Xbr-1 (E) but not X-Notch-1 (G). Note that at
this stage X-Notch-1 is expressed uniformly in the prospective neural retina. (G, H, I, J, K, L) High magni®cation of sections through the
eyes, showing a comparison between expression of BMP-4 (G, J), Xbr-1 (H, K), and X-Notch-1 (I, L) at stage 31/32 (G, H, I) and stage
33/34 (J, K, L). The area of the eye that expresses Xbr-1 (H, K) and BMP-4 (G, J) is the part of the prospective dorsal ciliary margin and is
included between arrowheads. These sections show that expression of BMP-4 and Xbr-1 in the eye is largely coincident at both stages.
The same area of the eye appears negative for X-Notch-1 expression (area between arrowheads in I, L). Note that as the neural retina
differentiates, between stages 31±32 (I) and 33/34 (L), X-Notch-1 expression becomes gradually restricted to the periphery of the eye, but
is never observed at the very edge of the eye (arrowheads). In (G, H, I) the prospective pigment epithelium has thinned out and cannot be
easily distinguished. In (J, K, L) arrows point to the pigment epithelium which is now easily recognizable by the brown pigment. In some
sections the lens (l) has been detached. Abbreviations: di, diencephalon; dt, dorsal neural tube; l, lens; lm, lateral mesoderm; n, notochord;
nr, prospective neural retina; pe, prospective pigment epithelium; s, somite.
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Xbr-1 is expressed in the ventral marginal zone (see Figs. However, Xbr-1 and the Drosophila Bar genes are less than
60% related, suggesting that they belong to distinct classes2A±2C), the complementary expression of these genes in
the tailbud is consistent with the idea the tailbud consists (Kappen et al., 1993). The Bar class of genes, named after
the Drosophila Bar genes which were the ®rst members ofof distinct cell populations that are derived from different
regions of the blastopore lip (Gont et al., 1993). this family, includes homeobox genes from Drosophila and
mouse, as well as from very primitive organisms such as
hydra and sponges (Kojima et al., 1991; Tanda and Corces,
Ontogeny of Xbr-1 Expression 1991; Higashijima et al., 1992b; Schummer et al., 1992;
Jones and McGinnis, 1993; Seimiya et al., 1994; Tissier-Rotation experiments on the Xenopus eye cup have
Seta et al., 1995). Xbr-1 de®nes a novel class of homeoboxshown that positional speci®cation within the retina is es-
genes; Xbr-1 and two other related genes that were isolatedtablished and ®xed no later than neural tube closure (stage
in our screen, Xbr-2 and Xbr-3, are currently the only mem-21) (Holt, 1980; Sharma and Holly®eld, 1980; Holt, 1984;
bers of this class. The Bar and Xbr classes may be relatedreviewed in Holt and Harris, 1993). Since the expression of
since all members of both classes share a very rare, charac-Xbr-1 appears to mark a part of the dorsal retina, we asked
teristic substitution within the third helix of the homeodo-whether the regional speci®cation of the eye occurs even
main from the consensus homeodomain sequence (Kappenearlier, at least as measured by the expression of Xbr-1.
et al., 1993).The ®rst stage in which we could detect eye expression
in the neural plate is at the end of gastrulation (stage 13),
when relatively low levels of expression occurred in two Xbr-1 Expression Is Restricted to the Dorsal Eye
patches on the anterior neural plate (Fig. 2D). By the de®ni-
Our results show that Xbr-1 is predominantly expressedtive neural plate stage, Xbr-1 staining is clearly visible as
in the developing eye. One of the intriguing features of Xbr-two bilateral patches localized at the anterior and lateral
1 expression is that it is restricted to the dorsal part of theneural ridge (Fig. 2E). According to the fate map of the Xeno-
eye from very early stages of eye development. At the neuralpus neural plate, these patches of Xbr-1 staining correspond
plate stage it is expressed in two bilateral patches on theclosely to the regions that will give rise to the dorsal eye
anterior lateral neural plate, in the eye vesicle it is expressed(Eagleson and Harris, 1989; Eagleson et al., 1995). Thus,
dorsally between the pigment epithelium and the neuralthese observations indicate that the expression of Xbr-1 is
retina, and in the eye cup it is expressed in the dorsal ciliaryalready restricted to the dorsal eye anlage at the neural plate
margin. Recently, several molecules that show asymmetri-stage, suggesting that regional speci®cation within the eye
cal distribution along the A-P and D-V axes of the retinatakes place several stages before neural tube closure.
have been identi®ed (reviewed in Holt and Harris, 1993;
Kaprielian and Patterson, 1994). The asymmetrical distribu-
tion of various factors supports the idea that cells in theDISCUSSION
retina are imprinted with positional information. In particu-
lar, this positional information within the ganglion cells isIsolation of a Novel Homeobox Gene Related to the
thought to be essential for the establishment of orderedDrosophila Bar Genes
topographical connections when these cell project to the
tectum (reviewed in Harris and Holt, 1990; Holt and Harris,The Bar mutation in D. melanogaster and Om(1D) muta-
tion in D. ananassae result in reduced, narrow eyes and fall 1993). Xbr-1 differs from other spatially restricted molecu-
lar markers that have been recently described in that it iswithin the class of mutations that affect early events in
eye development (Sturtevant, 1925). The genes which are not expressed in the mature ganglion cells of the neural
retina (Deitcher et al., 1994; Cheng et al., 1995), but rather,responsible for the Bar and Om(1D) phenotypes have been
cloned and shown to be highly related homeobox-con- only in proliferating cells in the periphery of the eye. Xbr-
1 may be involved in axonal positional imprinting indi-taining genes, BarH1 (Kojima et al., 1991) and Om(1D),
respectively (Kojima et al., 1991; Tanda and Corces, 1991). rectly, by regulating the production of a secreted factor
which would act along the D-V axis of the retina. ConsistentIn D. melanogaster a second related homeobox gene, BarH2,
with very similar homeobox sequence (93% identity) maps with this possibility, we have found that BMP-4, a secreted
growth factor, is coexpressed with Xbr-1 in the dorsal ciliaryclose to BarH1 and these two genes are thought to be func-
tionally redundant (Higashijima et al., 1992a). Expression margin.
of the Bar genes initially occurs in the unpatterned cells of
the morphogenetic furrow, while posterior to the progress- Xbr-1 Is Expressed in the Eye Anlage at the Neuraling furrow they are expressed in a subset of photoreceptors,
Plate StageR1 and R6, and in primary pigment cells (Higashijima et
al., 1992b). Although previous work has shown that polarity of the
eye along the D-V axis is ®xed as early as stage 21/24, theHere we describe the isolation of a novel Xenopus gene,
Xbr-1 which contains a homeobox similar to the homeobox earliest stage when D-V differences are established in the
eye rudiment are not known (reviewed in Holt and Harris,found in the Drosophila Bar genes (Kojima et al., 1991).
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1993). Our results indicate that Xbr-1 is already expressed of highly proliferative cells that are located toward the pe-
riphery of the ciliary margin. Thus, the X-Notch-1-negativein a restricted domain of the early neural plate as early as
stage 13. This early expression of Xbr-1 evolves rapidly into cells in the ciliary margin at late stages appear to represent
the stem cells described by Wetts et al. (1989). Because X-two more restricted areas positioned bilaterally on the lat-
eral folds of the anterior neural plate. These regions of the Notch-1 and Xbr-1 expression do not appear to overlap in
the prospective ciliary margin at early and late stages, weneural plate give rise to the dorsal part of each eye, while
the ventral part of the eye is derived from a more anterior suggest that Xbr-1 marks the stem cells that are thought to
exist at the edge of the ciliary margin (Wetts et al., 1989;position on the neural plate (Eagleson and Harris, 1989;
Eagleson et al., 1995). Thus, positional differences along Dorsky et al., 1995). If so, Xbr-1 would be the ®rst molecular
marker described for this stem cell population. Ultimately,the D-V axis of the eye may be established, although not
necessarily irreversibly ®xed, before neural tube closure. a test of this hypothesis requires analysis of the fate of the
Xbr-1 expressing cells, perhaps by promoter fusion to a lin-
eage tracer, such as b-galactosidase. In addition, it will im-Expression of Xbr-1 in the Ciliary Margin of the portant to determine whether Xbr-1 homologues are present
Developing Eye in the eyes of higher vertebrates, which do not retain the
ability to generate retinal cells from the ciliary margin, andAt the eye vesicle stage, Xbr-1 expression is localized to
a region that borders the prospective pigmented epithelium whether they show similar expression to stem cell popula-
tions in the developing eye.on one side and the prospective neural retina on the other.
Based on the position of this area and taking into account
the folding of the eye vesicle during retinal invagination
into a eye cup (see Fig. 12 in Holt et al., 1988) we suggest ACKNOWLEDGMENTSthat this region is the precursor of the dorsal ciliary margin.
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